Abstract-We measure and characterize the 55-65 GHz wireless channel for a typical desktop environment. The Saleh-Valenzuela (S-V) model is used to describe the desktop environment. Key S-V model parameters such as cluster decay factor, ray decay factor, cluster arrival rate, and ray arrival rate are extracted from measured data.
meshes. The coarsest mesh predicts a lower frequency than the rest but, even so, the result is as good as that obtained using basic FDTD with cells of one third the size.
V. CONCLUSIONS
In this contribution it has been shown that 90 and 270 corners in microstrip may be accurately treated in the FDTD method by means of semi-analytically calculated Modified Assigned Material Parameters. It has been shown that a complex patch antenna can be modelled with MAMPs using a much larger cell size than would be needed using standard FDTD in order to achieve the same accuracy.
I. INTRODUCTION
The unlicensed spectrum around 60 GHz became available in recent years in the United States, Europe, Japan, and Australia. This availability has unlocked significant opportunities for developing ubiquitous gigabit wireless connectivity. Significant research activity is now being undertaken to design next-generation high-speed wireless communication systems in this millimeter-wave band. A critical component in the design of these systems is understanding the propagation environment to assist in choosing appropriate modulation and space-time coding schemes.
An important application of millimeter wavelength wireless communication systems capable of multigigabit per second data rates is to connect computer components and peripherals that reside on a desktop. Hence an accurate channel model for a desktop is required. The aim of the measurement campaign described here is to determine the appropriate Saleh-Valenzuela (S-V) model [1] , [2] parameters that accurately describe a 60 GHz desktop channel.
In this paper, experiments are developed and executed to measure the 55-65 GHz band wireless channel on typical desktop environments. A single model to represent the typical desktop is determined. This is important for the standardization and research communities where a model is required in order to evaluate performance of different wireless modulation schemes. Here we used a modified S-V model. Key S-V model parameters such as cluster decay factor, ray decay factor, cluster arrival rate, and ray arrival rate are extracted from measured data. It is shown that for the desktop environment, data support the hypothesis that the multiple-path gains are log-normally distributed. This paper is organized as follows. In Section II, we review the modified S-V model for the desktop propagation environment. In Section III, we introduce our experimental setup. In Section IV, we describe our measurements and present the extracted S-V parameters. Section V concludes this paper.
II. THE MODIFIED S-V MODEL
As stated above, we use a modified S-V model. Following previous work [1] , we use a log-normal distribution rather than a Rayleigh distribution for the multipath gain magnitude. Our measurements are shown to support this assumption. 
A. Saleh-Valenzuela Model
The S-V multipath model [3] is given by the discrete time impulse response
where L = number of clusters; K l = number of multipath components (MPCs), rays, or paths in the lth cluster; k;l = multipath gain coefficient of the kth MPC in the lth cluster; T l = arrival time of the first MPC of the lth cluster;
k;l = delay of the kth MPC within the lth cluster relative to the first MPC arrival time T l . By definition, we have 0;l = 0 and we set T0 = 0. The clusters and MPCs form a Poisson arrival process with distributions given by
where 3 = cluster arrival rate;
= ray arrival rate.
We assume that all clusters have the same ray arrival rate. The multipath gains are defined as follows:
with p k;l equiprobable 61 representing signal inversions due to reflections. In the original S-V model, the amplitudes of each arrival were assumed to be Rayleigh distributed with This paper follows [1] , and a log-normal distribution is assumed for the multipath gains given by 20 log 10( k;l ) / Normal( k;l ; 2 ) (6) or j k;l j = 10 n=20 ; n / Normal( k;l ; 2 )
where k;l is given by 
In [1] , the clusters are assumed to fade independently of MPCs. For example, each multipath arrival has a fading term associated with the cluster arrival and a fading term associated with the MPC arrival. If the multipath gains are both log-normally distributed for the clusters and the MPCs/rays, this modification changes the channel coefficients in the following way (note that the product of two log-normal random variables results in a log-normal random variable): 
where n1 and n2 are independent. k;l is now given by 
In the above equations, 1 represents the fading associated with the lth cluster and k;l corresponds to the fading associated with the kth MPC of the lth cluster.
For the modified S-V propagation model, six key parameters are required as shown in Table I .
All of the required information is estimated from the measured channel impulse responses. In this paper, the extraction of these parameters is conducted in fashion similar to the procedures described in [4] .
III. MEASUREMENT SETUP
Spatial measurements of time of arrival, number of multipath components, and component amplitudes for 11 desktops in different size offices, cubicles, and laboratories were made. The measurements were made in the evenings and weekends to minimize time-varying effects due to the presence of people.
An Anritsu 37397 vector network analyzer (VNA) was used to measure the channel transfer function. At the two ports of the VNA, two 0.5 m 60 GHz millimeter-wave cables were attached. The attenuation of these cables was measured to be approximately 4 dB. Short cables were deliberately used to maximize the dynamic range. Two 30 dB low-noise broadband power amplifiers were attached on the transmit and receive ports of the VNA. The amplifiers were connected to the antennas used in the experiment. The setup is shown in Fig. 1 and is calibrated according to the procedure outlined in Section III-B.
A. VNA Setup
In this setup, the VNA was set to sweep between 55-65 GHz with a frequency step of 25 MHz. Measurements were made in the frequency domain and converted to the time domain using the fast Fourier transform. The VNA transmitted 401 tones each at 07 dBm. This setup is consistent with the requirements presented in [5] - [7] . Using Parseval's theorem, the time-domain equivalent transmitted waveform is a 19 dBm pulse of 0.05 ns duration. This was calculated in order to facilitate the determination of the absolute power of the received waveforms shown in Fig. 4 . 
B. Calibration
The system was calibrated using the short-open-load-and-through procedure in an anechoic chamber. In this calibration, the "through" standard was built by aligning the maximum of the radiation pattern of the two antennas to be used in the experiment at 0.5 m in an anechoic chamber. The correction coefficients were loaded into the VNA. This process was performed to ensure that impedance mismatches due to effects such as antenna impedance and waveguide-to-coax transitions were not attributed as channel effects [6] , [7] .
C. Antenna Configuration
An omnidirectional antenna was employed at the transmit side and a 21 dBi directional pyramidal horn antenna at the receive side. The transmit and receive antennas were vertically polarized. The antenna voltage standing-wave ratios were better than 1.5:1 over the entire frequency band of interest. In this experiment, the antennas were mounted on a rail to ensure that the distance between the antenna was fixed and constant. They were at a fixed distance of 50 cm from each other and 40 cm above the desktops. The receive antenna (the 21 dBi directional horn) was pointed at the transmit antenna. For angle of arrival (AoA) measurements, the receiving antenna was swept from 0 to 360 in 4 steps. For each angle, the time impulse response was measured. The setup was kept the same for all 11 desktop environments. 
IV. MEASUREMENTS RESULTS AND EXTRACTED S-V PARAMETERS
Measurements were made on 11 desktops at different times and locations. The distance between transmit and receive antennas was fixed. Fig. 2 shows a picture of an example desktop. Fig. 3 shows the corresponding AoA profile. It is important to note that the signal is clustered in discrete angles of arrival in azimuth. In Fig. 4 , the corresponding power delay profiles of the absolute values of the received power are presented for the dominant angles of arrival, namely, 0 and 224 in azimuth. Note the delay and relative reduction of power of the signal at 224 as compared to the line of sight signal at 0 . In this paper, we only
consider and model what happens when the directional receive antenna is pointed at the transmit antenna. This corresponds to 0 on the AoA profile shown in Fig. 3 . In making our measurements, we found that as the desktops were more cluttered, the number of clusters increased and the decay in power of clusters and MPCs/rays increased. This was attributed to more reflections being present. In Figs. 5 and 6, the linear minimum square error (MSE) fitting of cluster and MPC/ray power versus time is obtained. The gradients are equal to the inverse of the cluster/ray decay factors, respectively. For the data shown in Figs. 5 and 6, the correlation coefficients are calculated. For clusters and MPCs/rays, the correlation coefficients are found to be 00.78 and 00.74, respectively. The high correlation coefficients support the assertion that the power of clusters and MPCs/rays is decaying exponentially. In Figs. 7 and 8 , the assumption that the multipath gains are log-normally distributed is tested. The log of the cumulative density function (cdf) of the measured data is compared with the log of the cdf of a normal distribution. Fig. 8 validates that the ray power decay is log-normally distributed. Due to a limited number of samples, Fig. 7 . Normal probability plot of cluster amplitude differences to the linear fitting shown in Fig. 5 . Fig. 8 . Normal probability plot of ray amplitude differences to the linear fitting shown in Fig. 6 .
TABLE II EXTRACTED MODIFIED S-V MODEL PARAMETERS
the cluster power decay shown in Fig. 7 appears inconclusive. Hence a Kolmogorov-Smirnov test [8] is performed. The resulting P value is 0.35, which supports the claim that the cluster power decay is also log-normally distributed. The deviations of clusters and MPCs power amplitudes according to the power decay means are consistent with the hypothesis that the multipath gains are log-normally distributed.
Using the measurements for the experimental setup described in Section III, the S-V parameters were extracted and shown in Table II .
V. CONCLUSION
In this paper, the desktop 55-65 GHz wireless channel was measured and characterized. The Saleh-Valenzuela model is used to model the typical desktop environment. It was assumed that the multipath gains are log-normally distributed. The extracted data supported this assertion. Key S-V model parameters such as cluster decay factor, ray decay factor, cluster arrival rate, and ray arrival rate were extracted from the measured data. In the future, this work will be extended to model AoA on the desktop.
